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Mrub_2874 is homologous to b3386 and Mrub_1349 is homologous to b2914, but 
Mrub_1349 is not homologous to b4090 
 
Introduction: 
 Meiothermus ruber (M. ruber) is a Gram-negative eubacteria that is nonmotile, nonspore-
forming, red-pigmented, and rod-shaped. M. ruber belongs to the Deinococcus-Thermus phylum 
and grows between 35-70ºC under highly aerated conditions (Loginova et al. 1984). While there 
are species within the Deinococcus-Thermus phylum that are well studied, such as Thermus 
aquaticus, not much is known about M. ruber. The Genomic Encyclopedia of Bacteria and 
Archaea (GEBA) project is designed to expand upon current knowledge of many 
microorganisms including M. ruber (Phylogenetic Diversity 2013). The sequencing of M. ruber 
through the GEBA project allows for further genomic analysis within the M. ruber genome. 
Bioinformatics can be used to determine the relationship between two genes from two 
different species. The use of bioinformatics is beneficial since many different organisms can be 
used to find evolutionary similarities of genes or proteins. This method is useful to the scientific 
community since these databases would better support bio-sources for information and scientific 
inquiry (Gentleman et al. 2004). In addition, bioinformatics has the potential to affect all of 
society as more organisms are studied. 
Since Escherichia coli (E. coli) is a well-studied species, E. coli will be used as a positive 
control to find evolutionary similarities to M. ruber through bioinformatics. Specifically, the 
pentose phosphate pathway will be investigated in M. ruber by comparing genes in M. ruber to 
genes in E. coli. The pentose phosphate pathway is essential to eubacteria because it generates 
NADPH and ribose-5-phosphate, a precursor to the biosynthesis of nucleotides (Kruger and von 
Schaewen 2003). Ribose-5-phosphate can be converted from xylulose-5-phosphate in a two-step 
process which involves two enzymes: ribulose-5-phosphate 3-epimerase and ribose-5-phosphate 
isomerase (Kruger and von Schaewen 2003). For the first step, xylulose-5-phosphate accepts a 
proton to form an enediolate intermediate and eventually is converted to ribulose-5-phosphate 
(Figure 1). This step is catalyzed by ribulose-5-phosphate 3-epimerase (Miles 2003). The second 
step involves the conversion of ribulose-5-phosphate to ribose-5-phosphate by forming an 
enediol intermediate (Figure 1). This second step is catalyzed by ribose-5-phosphate isomerase 
(Miles 2003). Once ribose-5-phosphate is formed, this substrate can be converted to other 
structures, such as phosphoribosyl pyrophosphate, in order to synthesize nucleotides (Kruger and 
von Schaewen 2003).  
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Figure 1. Xylulose-5-phosphate is converted to ribulose-5-phosphate and ribulose-5-phosphate is converted to 
ribose-5-phosphate. Panel A is the conversion of xylulose-5-phosphate to ribulose-5-phosphate through the ribulose-
5-phosphate 3-epimerase enzyme (right to left). Panel B is the conversion of ribulose-5-phosphate to ribose-5-
phosphate through the ribose-5-phosphate isomerase enzyme (left to right) (Miles 2003). 
 
 Functional evidence shows that the rpe gene in E. coli is likely to produce ribulose-5-
phosphate 3-epimerase since E. coli cells with a mutation on the rpe gene did not produce the 
ribulose-5-phosphate 3-epimerase enzyme (Lyngstadaas et al. 1998). Another study was 
conducted comparing wild-type E. coli cells and E. coli cells with a mutation on rpiA gene. The 
mutated cells had significantly decreased the activity of the ribose-5-phosphate isomerase 
enzyme (Skinner and Cooper 1971). In addition, cloned DNA fragments with two open reading 
frames for the rpiB gene increased the enzymatic activity of ribose-5-phosphate isomerase 
(Sorensen and Hove-Jensen 1996). Thus, the rpe gene (b3386) in E. coli is hypothesized to code 
for ribulose-5-phosphate 3-epimerase, while rpiA (b2914) and rpiB (b4090) are hypothesized to 
code for ribose-5-phosphate isomerase in E. coli. 
By using bioinformatics tools in the GENI-ACT lab notebook (http://www.geni-act.org/), 
the amino acid sequence of ribulose-5-phosphate 3-epimerase and ribose-5-phosphate isomerase 
of M. ruber will be compared to the amino acid sequence of ribulose-5-phosphate 3-epimerase 
and ribose-5-phosphate isomerase in E. coli. Mrub_2874 is the gene in M. ruber that is 
hypothesized to code for ribulose-5-phosphate 3-epimerase, while Mrub_1349 is hypothesized to 
code for ribose-5-phosphate isomerase in M. ruber. Comparison of these genes to E. coli through 
their amino acid sequences will determine if the protein from Mrub_2874 is homologous to the 
protein from b3386, if the protein from Mrub_1349 is homologous to the protein from b2914, 
and if the protein from Mrub_1349 is homologous to the protein from b4090. 
 
Methods: 
Bioinformatics programs were performed under the instructions within the GENI-ACT 
notebook (http://www.geni-act.org/education/main/) and the programs are described on the 
GENI-ACT website (http://geni-act.org/). Deviations from these instructions included an 
additional BLAST search of E. coli against M. ruber for each comparison that was saved in a 
separate document and not included in the GENI-ACT lab notebook. T-coffee was conducted 
using 20 different sequences, rather than the suggested 10 sequences for each gene. The Gene 
Context of the Horizontal Gene Transfer module was annotated with KEGG. In addition, 
EcoCyc was used to illustrate the pathway map rather than MetaCyc.  
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Results: 
Mrub_2874 compared against b3386 
A KEGG pathway map for the “Pentose Phosphate Pathway” displayed similarities 
between E. coli and M. ruber for the conversion of D-Xylulose-5P to D-Ribose-5P. The KEGG 
pathway ID was found to be 00030 for both organisms within the “Pentose Phosphate Pathway” 
map. The E.C. numbers of ribulose-5-phosphate 3-epimerase and ribose-5-phosphate isomerase 
are displayed in green for both organisms (5.1.3.1 and 5.3.1.6 respectively) and display the same 
protein name (Table 1). Table 1 displays the similarities and differences between these two genes 
(Mrub_2874 and b3386) according to the various modules from the GENE-ACT lab notebook.  
 
              
 
Figure 2. A KEGG pathway map displays ribulose-5-phosphate 3-epimerase and ribose-5-phosphate isomerase 
activities in both E. coli and M. ruber. Panel A displays the pathway map for E. coli where the green boxes display 
confirmed enzymatic activity of the respective proteins. Panel B displays the pathway map for M. ruber where green 
boxes also indicate confirmed enzymatic activities. The boxes designated 5.1.3.1 and 5.3.1.6 are the E.C. numbers 
which identify ribulose-5-phosphate 3-epimerase and ribose-5-phosphate isomerase respectively. KEGG 
(http://www.genome.jp/kegg/pathway.html) created this map. 
 
Table 1: E. Coli rpe (b3386) and Mrub_2874 are homologs 
Description of 
evidence collected 
E. Coli M. ruber 
Locus tag b3386 Mrub_2874 
KEGG pathway 
Pathway ID: 00030 
Pentose Phosphate Pathway 
E.C. number 
5.1.3.1 
ribulose-5-phosphate 3-epimerase 
BLAST E. coli 
against M. ruber 
Score: 187 bits ; E-value: 4e-63 
CDD (COG category) 
COG0036 
Pentose-5-phosphate-3-epimerase [Carbohydrate transport and 
metabolism] 
E-value: 7.19e-123 E-value: 1.11e-103 
Cellular localization 
(Module 3) 
Cytoplasmic 
TIGRfam - protein 
family 
TIGR01163 
rpe: ribulose-phosphate 3-epimerase 
Score: 504.4 
E-value: 1.9e-148 
Score: 438.4 
E-value: 1.4e-128 
Panel A: Panel B: 
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Pfam - protein family 
PF00834 
Ribulose-phosphate 3 epimerase family 
Clan: TIM barrel (CL0036) 
Score: 306.0 
E-value: 7.5e-92 
Score: 268.7 
E-value: 2.7e-80 
PDB 
1TQJ 
Crystal structure of D-ribulose 5-phosphate 3-epimerase from 
Synechocystis to 1.6 angstrom resolution 
E-value: 1.5354E-59 E-value: 7.00934E-60 
 
 A BLAST search of both the amino acid sequence of Mrub_2874 in M. ruber and rpe in 
E. coli independently displayed the same protein, ribulose-5-phosphate 3-epimerase, as a top-hit 
in other organisms. A BLAST search of E. coli against M. ruber resulted in an alignment length 
of 224. The bit score was 187 and the E-value was 4e-63 (Figure 3). This high bit score and low 
E-value suggests that the similarities between M. ruber and E. coli are likely due to an 
evolutionary relationship and not due to chance. 
 
 
Figure 3. A protein BLAST search of the rpe (b3386) of E. coli against Mrub_2874 of M. ruber indicates a likely 
evolutionary relationship. This alignment shows a length of 224. The bit score was 187 and the E-value was 4e-63. 
The “Query” sequence is the sequence of E. coli and “Sbjct” displays the sequence from M. ruber. BLAST 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome) 
was used for the protein blast. 
 
The CDD search identified one conserved protein domain for each of the query sequences 
(b3386 and Mrub_2874). Both sequences resulted in a COG number of COG0036, a COG name 
of “Pentose-5-phosphate-3-epimerase [Carbohydrate transport and metabolism],” and significant 
E-values (Table 1). The E-value of the E. coli search was determined to be 7.19e-123 while the 
M. ruber search was 1.11e-103 (Table 1). Since the domain name is the same as the query, the 
CDD tool suggests that these protein domains share an evolutionary relationship. Both the 
BLAST search and the CDD are indicative of a sequence-based similarity between the Rpe 
amino acid sequence of E. coli and the Mrub_2874 amino acid sequence of M. ruber.  
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 To determine the cellular localization of the protein in question, TMHMM was used 
(Figure 4). Since no peaks were found on the transmembrane topology graph for either E. coli or 
M. ruber, the proteins for both organisms do not have transmembrane helices. In addition, the 
lack of transmembrane helices suggests that this protein is localized to the cytoplasm because it 
does not pass through or insert into a membrane. 
 
 
 
Figure 4. E. coli rpe and Mrub_2874 do not contain transmembrane helix regions and is likely in the cytoplasm. 
Panel A indicates the E. coli rpe query and Panel B indicates the Mrub_2874 query. TMHMM Server v. 2.0 
(http://www.cbs.dtu.dk/services/TMHMM/) was used for the topology graph. 
 
Signal peptides were predicted through SignalP (Figure 5). The signal peptide probability (D-
score) of E. coli rpe and Mrub_2874 was 0.202 and 0.164 respectively. Due to the lack of peaks 
produced from Figure 5, there are no signal peptides predicted for either protein (no likely 
cleavage sites). The D-scores of these queries are considered low since they are not close to 1 
(cut off value of 0.570 for both proteins) and also indicate no signal peptides located at the N-
terminus of the protein sequence.  
Panel A: 
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Figure 5. E. coli rpe and Mrub_2874 are not predicted to have signal peptides and are likely to be cytoplasmic 
proteins. Panel A is E. coli rpe and Panel B is Mrub_2874. SignalP 4.1 Server 
(http://www.cbs.dtu.dk/services/SignalP) created this signal peptide graph.  
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The Mrub_2874 and b3386 sequences were also compared using the Phobius program. There are 
no significant vertical lines in gray that would indicate transmembrane helices (Figure 6). There 
is a slight spike in the signal peptide line (red) at the N-terminus of Mrub_2874 but all other 
cellular location modules (TMHMM, SignalP, and PSORT-B) do not support a signal peptide for 
Mrub_2874.  
 
 
 
 
Figure 6. Mrub_2874 and E. coli rpe do not have transmembrane helices. No gray vertical lines are indicated which 
demonstrates a lack of hydrophobicity. Although there is a spike in the signal peptide line (red) by the N-terminus 
region for Mrub_2874, other data including SignalP suggests no signal peptides for both b3386 and Mrub_2874. 
Panel A is E. coli b3386 and Panel B is Mrub_2874. Phobius (http://phobius.sbc.su.se/) created these graphs. 
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Two more tools are used to determine the cellular localization of the protein query. LipoP 
suggested cytoplasm (Table 1) and the PSORT-B tool predicted a cytoplasmic score of 9.97 for 
E. coli rpe with a score of 0.01 for CytoplasmicMembrane and Periplasmic score. PSORT-B 
predicted the same cytoplasmic score of 9.97 for Mrub_2874 with a CytoplasmicMembrane and 
Periplasmic score of 0.01. Since the final prediction of the b3386 and Mrub_2874 cellular 
locations only included the cytoplasm, the 0.01 scores for CytoplasmicMembrane and 
Perisplasmic are not significant. According to these tools, ribulose-5-phosphate 3-epimerase for 
E. coli and M. ruber is predicted to be in the cytoplasm which is reflective of the EcoCyc’s 
prediction for the cellular location of ribulose-5-phosphate 3-epimerase. 
 Several tools were used to determine the structural similarities between rpe and 
Mrub_2874. TIGRFAM, which determines protein homology, resulted in identical TIGRFAM 
numbers: TIGR01163 (Table 1). The family name for this TIGRFAM number is “rpe: ribulose-
phosphate 3-epimerase.” Both E. coli and M. ruber searches produced significant scores and E-
values: the scores for rpe and Mrub_2874 were 504.4 and 438.4 respectively, while the E-values 
for rpe and Mrub_2874 were 1.9e-148 and 1.4e-128 respectively (Table 1). A Pfam search 
resulted in the same number and name (PF00834, Ribulose-phosphate 3 epimerase family) 
(Table 1). A pairwise alignment of both E. coli rpe and Mrub_2874 against the conserved 
sequence of ribulose-5-phosphate 3-epimerase displays how well the amino acid sequences relate 
to the consensus sequence (Figure 7). The scores for rpe and Mrub_2874 were 306.0 and 268.7 
respectively, while the E-values for rpe and Mrub_2874 were 7.5e-92 and 2.7e-80 respectively 
(Table 1). Key functional groups for E. coli rpe were determined to be S9, H34, D36, D39, N45, 
H67, L68, H91, E93, G109, P142, G146, Q147, F149, D176, G177, G178, V196; while the key 
functional groups for M. ruber Mrub_2874 were determined to be S5, H30, D32, D35, N41, 
H63, L64, H87, E89, G105, P132, G142, Q143, D172, G173, G174, V192. Although they do not 
share the exact same amino acid positions, most of the key functional amino acids in E. coli are 
the same key amino acids in M. ruber. These results indicate similar protein domains and they 
resemble the CDD output domain. The scores, E-values, and key functional groups from Pfam 
also indicate significance in the conserved amino acid sequences between E. coli and M. ruber.  
 
 
 
Figure 7. E. coli rpe and Mrub_2874 have similar domain structures according to the consensus sequence of 
ribulose-5-phosphate 3-epimerase. Panel A is the E. coli rpe query (#SEQ) against the consensus sequence 
(#HMM). Panel B is the Mrub_2874 query (#SEQ) against the consensus sequence (#HMM). Pfam 
(http://pfam.sanger.ac.uk/search) was used to create the pairwise alignment. 
Panel A: 
Panel B: 
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In addition to TIGRFAM and Pfam, PDB suggested the similarities in the 3-D structure of the 
amino acid sequence. For both organisms, the PDB code was 1TQJ and was named “Crystal 
structure of D-ribulose 5-phosphate 3-epimerase from Synechocystis to 1.6 angstrom resolution.” 
The alignment length was 218 for b3386 and 209 for Mrub_2874. The E-values were 1.5354E-
59 and 7.00934E-60 for b3386 and Mrub_2874 respectively. Since both queries resulted in the 
same protein name, the structures are similar. The significant E-values also indicate an 
evolutionary relationship between the two structures. All structure-based data suggest that the 
similarities in b3386 and Mrub_2874 domain and 3-D structures are due to their evolutionary 
relationship. 
 The IMG/EDU Gene finder was used to find the ortholog neighborhood region of E. coli 
rpe and Mrub_2874 with the color annotation of KEGG (Figure 8). The results for rpe shows 
that rpe (Panel A, underlined in red) is immediately next to the gph gene. Since these adjacent 
genes are aligned in the same direction, this gene (rpe) is likely to be an operon with aroK, aroB, 
damX, dam, rpe, gph, and trpS. Further research shows evidence that all these proteins act as an 
operon in E. coli (Lyngstadaas et al. 1999). These proteins are described as being a part of the 
“dam-containing operon” that uses seven genes for various functions in E. coli. On the other 
hand, the results for Mrub_2874 show slightly difference characteristics to the results for rpe. 
Mrub_2874 (Panel B, underline in red) is immediately next to the Mrub_2873 and Mrub_2872 
genes but the M. ruber equivalent of the dam gene is not immediately next to Mrub_2874 in the 
same direction. However, all the other genes align in a similar manner to the E. coli ortholog 
neighborhood which may indicate that Mrub_2874 is part of an operon. Further functional 
evidence would be necessary to confirm if Mrub_2874 is part of an operon with Mrub_2873 and 
Mrub_2872. 
 
 
 
Figure 8. E. coli rpe and Mrub_2874 are likely part of an operon. Panel A is the visualization of the E. coli rpe 
ortholog neighborhood and Panel B is the Mrub_2874 ortholog neighborhood. The red lines indicate the location of 
either rpe (Panel A) or Mrub_2874 (Panel B). IMG/EDU (http://img.jgi.doe.gov/cgi-
bin/edu/main.cgi?section=FindGenes&page=geneSearch) was used to illustrate the ortholog neighborhood regions. 
 
Mrub_1349 compared against b2914 
According to the KEGG pathway map for the “Pentose Phosphate Pathway” (Figure 2), 
Mrub_1349 and b2914 share the same E.C. number (5.3.1.6) (Table 2). Table 2 displays the 
similarities and differences between these two genes (Mrub_1349 and b2914) according to the 
various modules from the GENE-ACT lab notebook. 
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Table 2: E. Coli rpiA (b2914) and Mrub_1349 are homologs 
Description of 
evidence collected 
E. Coli M. ruber 
Locus tag b2914 Mrub_1349 
KEGG pathway 
Pathway ID: 00030 
Pentose Phosphate Pathway 
E.C. number 
5.3.1.6 
ribose-5-phosphate isomerase 
BLAST E. coli 
against M. ruber 
Score: 115 bits ; E-value: 2e-35 
CDD (COG category) 
COG0120 
Ribose 5-phosphate isomerase [Carbohydrate transport and metabolism] 
E-value: 1.57e-112 E-value: 1.08e-88 
Cellular localization 
(Module 3) 
Cytoplasmic 
TIGRfam - protein 
family 
TIGR00021 
rpiA: ribose 5-phosphate isomerase A 
Score: 406.6 
E-value: 5.4e-119 
Score: 349.6  
E-value: 7.6e-102 
Pfam - protein family 
PF06026 
Ribose 5-phosphate isomerase A (phosphoriboisomerase A) 
Clan: ISOCOT_Fold (CL0246) 
Score: 197.8 
E-value: 8.6e-59 
Score: 192.5 
E-value: 3.8e-57 
PDB 
1O8B 
Structure of Escherichia coli ribose-5-phosphate isomerase, RpiA, 
complexed with arabinose-5-phosphate. 
E-value: 1.08859E-123 E-value: 2.68771E-24 
 
 A BLAST search of both the amino acid sequence of Mrub_1349 in M. ruber and rpiA in 
E. coli independently displayed the same protein, ribose-5-phosphate isomerase A, as a top-hit in 
other organisms. A BLAST search of E. coli against M. ruber resulted in an alignment length of 
228. The bit score was 115 and the E-value was 2e-35 (Figure 9). This high bit score and low E-
value suggests that the similarities between M. ruber and E. coli are likely due to an evolutionary 
relationship and not due to chance. 
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Figure 9. A protein BLAST search of the rpiA (b2914) of E. coli against Mrub_1349 of M. ruber indicates a likely 
evolutionary relationship. This alignment shows a length of 228. The bit score was 115 and the E-value was 2e-35. 
The “Query” sequence is the sequence of E. coli and “Sbjct” displays the sequence from M. ruber. BLAST 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome) 
was used for the protein blast. 
 
The CDD search identified one conserved protein domain for each of the query sequences 
(b2914 and Mrub_1349). Both sequences resulted in a COG number of COG0120, a COG name 
of “Ribose 5-phosphate isomerase [Carbohydrate transport and metabolism],” and significant E-
values (Table 2). The E-value of the E. coli search was determined to be 1.57e-112 while the M. 
ruber search was 1.08e-88 (Table 2). Since the domain name is the same as the query, the CDD 
tool suggests that these protein domains share an evolutionary relationship. Both the BLAST 
search and the CDD are indicative of a sequence-based similarity between the RpiA amino acid 
sequence of E. coli and the Mrub_1349 amino acid sequence of M. ruber.  
 To determine the cellular localization of the protein in question, TMHMM was used 
(Figure 10). Since no significant peaks were found on the transmembrane topology graph for 
either E. coli or M. ruber, the proteins for both organisms do not have transmembrane helices. In 
addition, the lack of transmembrane helices suggests that this protein is localized to the 
cytoplasm because it does not pass through or insert into a membrane. 
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Figure 10. E. coli rpiA and Mrub_1349 do not contain transmembrane helix regions and is likely in the cytoplasm. 
Panel A indicates the E. coli rpiA query and Panel B indicates the Mrub_1349 query. TMHMM Server v. 2.0 
(http://www.cbs.dtu.dk/services/TMHMM/) was used for the topology graph. 
 
Signal peptides were predicted through SignalP (Figure 11). The signal peptide probability (D-
score) of E. coli rpiA and Mrub_1349 was 0.127 and 0.170 respectively. Due to the lack of peaks 
produced from Figure 11, there are no signal peptides predicted for either protein (no likely 
cleavage sites). The D-scores of these queries are considered low since they are not close to 1 
(cut off value of 0.570 for both proteins) and also indicate no signal peptides located at the N-
terminus of the protein sequence.  
Panel A: 
Panel B: 
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Figure 11. E. coli rpiA and Mrub_1349 are not predicted to have signal peptides and are likely to be cytoplasmic 
proteins. Panel A is E. coli rpiA and Panel B is Mrub_1349. SignalP 4.1 Server 
(http://www.cbs.dtu.dk/services/SignalP) created this signal peptide graph.  
Panel A: 
Panel B: 
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The Mrub_1349 and b2914 sequences were also compared using the Phobius program. There are 
no significant vertical lines in gray that would indicate transmembrane helices (Figure 12). There 
are slight peaks (gray) at the N-terminus and C-terminus of Mrub_1349, but all other cellular 
location modules (TMHMM, SignalP, and PSORT-B) do not support a signal peptide for 
Mrub_1349. In addition, the peaks in the Mrub_1349 graph (Figure 12) do not surpass the non-
cytoplasmic mark line (blue) which suggest that the peaks are insignificant.  
 
 
 
 
Figure 12. Mrub_1349 and E. coli rpiA do not have transmembrane helices. Although there are two peaks by the N-
terminus and C-terminus regions for Mrub_1349, they are insignificant and are still suggested to by cytoplasmic. 
Panel A is E. coli b2914 and Panel B is Mrub_1349. Phobius (http://phobius.sbc.su.se/) created these graphs. 
Panel A: 
Panel B: 
15 
 
 
Two more tools are used to determine the cellular localization of the protein query. LipoP 
suggested cytoplasm (Table 2) for both genes. However, the PSORT-B tool predicted a 
cytoplasmic score of 8.96 for Mrub_1349 with a CytoplasmicMembrane score of 0.51, a 
Periplasmic score of 0.26, an OuterMembrane score of 0.01, and an Extracellular score of 0.26. 
PSORT-B was inconclusive for E. coli rpiA. Since the final prediction of the Mrub_1349 cellular 
location was only cytoplasm, the scores for CytoplasmicMembrane, Perisplasmic, 
OuterMembrane, and Extracellular are not significant. According to these tools, ribose-5-
phosphate isomerase for E. coli and M. ruber is predicted to be in the cytoplasm which is 
reflective of the EcoCyc’s prediction for the cellular location of ribose-5-phosphate isomerase. 
 Several tools were used to determine the structural similarities between rpiA and 
Mrub_1349. TIGRFAM, which determines protein homology, resulted in identical TIGRFAM 
numbers: TIGR00021 (Table 2). The family name for this TIGRFAM number is “rpiA: ribose 5-
phosphate isomerase A.” Both E. coli and M. ruber searches produced significant scores and E-
values: the scores for rpiA and Mrub_1349 were 406.6 and 349.6 respectively, while the E-
values for rpiA and Mrub_1349 were 5.4e-119 and 7.6e-102 respectively (Table 2). A Pfam 
search resulted in the same number and name (PF06026, Ribose 5-phosphate isomerase A 
(phosphoriboisomerase A)) (Table 2). A pairwise alignment of both E. coli rpiA and Mrub_1349 
against the conserved sequence of ribose-5-phosphate isomerase displays how well the amino 
acid sequences relate to the consensus sequence (Figure 13). The scores for rpiA and Mrub_1349 
were 197.8 and 192.5 respectively, while the E-values for rpiA and Mrub_1349 were 8.6e-59 and 
3.8e-57 respectively (Table 2). Key functional groups for E. coli rpiA were determined to be 
S54, D81, G82, D84, K94, G95, G97, E103, K104, K121, P132, V135, R157, T167, D175, 
G197, V198, G202, F204; while the key functional groups for M. ruber Mrub_1349 were 
determined to be S59, D86, G87, D89, K99, G100, G102, E108, K109, K126, P137, R162, 
D180, G202, V203, G207, F209. Although they do not share the exact same amino acid 
positions, most of the key functional amino acids in E. coli are the same key amino acids in M. 
ruber. These results indicate similar protein domains and they resemble the CDD output domain. 
The scores, E-values, and key functional groups from Pfam also indicate significance in the 
conserved amino acid sequences between E. coli and M. ruber.  
 
 
 
Figure 13. E. coli rpiA and Mrub_1349 have similar domain structures according to the consensus sequence of 
ribose-5-phosphate isomerase. Panel A is the E. coli rpiA query (#SEQ) against the consensus sequence (#HMM). 
Panel B is the Mrub_1349 query (#SEQ) against the consensus sequence (#HMM). Pfam 
(http://pfam.sanger.ac.uk/search) was used to create the pairwise alignment. 
Panel A: 
Panel B: 
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In addition to TIGRFAM and Pfam, PDB suggested the similarities in the 3-D structure of the 
amino acid sequence. For both organisms, the PDB code was 1O8B and was named “Structure of 
Escherichia coli ribose-5-phosphate isomerase, RpiA, complexed with arabinose-5-phosphate.” 
The alignment length was 219 for b2914 and 222 for Mrub_1349. The E-values were 1.08859E-
123 and 2.68771E-24 for b2914 and Mrub_1349 respectively. Since both queries resulted in the 
same protein name, the structures are similar. The significant E-values also indicate an 
evolutionary relationship between the two structures. All structure-based data suggest that the 
similarities in b2914 and Mrub_1349 domain and 3-D structures are due to their evolutionary 
relationship. 
 The IMG/EDU Gene finder was used to find the ortholog neighborhood region of E. coli 
rpiA and Mrub_1349 with the color annotation of KEGG (Figure 14). The results for rpiA shows 
that rpiA (Panel A, underlined in red) is immediately next to the serA gene. Although these 
adjacent genes are aligned in the same direction, further research shows that the serA gene is 
promoted independently of the rpiA gene in E. coli (Yang et al. 2002). The yqfE gene that is also 
adjacent to the rpiA gene does not appear to be an operon with rpiA since there is no evidence 
that indicates that they are an operon. The rpiA gene is also able to be promoted independently of 
these adjacent genes (Hove-Jensen and Maigaard 1993). Therefore, rpiA is not likely to be part 
of an operon. On the other hand, the Mrub_1349 gene is surrounded by other adjacent genes. 
These adjacent genes do not appear to be equivalents to serA or the yqfE genes. Although these 
genes are indicated by KEGG to be involved in other pathways, further evidence would be 
necessary to indicate if Mrub_1349 is part of an operon. The ortholog neighborhood region of 
Mrub_1349 does not appear to resemble the ortholog neighborhood region of rpiA.   
 
 
 
Figure 14. E. coli rpiA and Mrub_1349 are likely not part of an operon. Panel A is the visualization of the E. coli 
rpiA ortholog neighborhood and Panel B is the Mrub_1349 ortholog neighborhood. The red lines indicate the 
location of either rpiA (Panel A) or Mrub_1349 (Panel B). IMG/EDU (http://img.jgi.doe.gov/cgi-
bin/edu/main.cgi?section=FindGenes&page=geneSearch) was used to illustrate the ortholog neighborhood regions. 
 
Mrub_1349 compared against b4090 
According to the KEGG pathway map for the “Pentose Phosphate Pathway” (Figure 2), 
Mrub_1349 and b4090 share the same E.C. number (5.3.1.6) (Table 3). Table 3 displays the 
similarities and differences between these two genes (Mrub_1349 and b4090) according to the 
various modules from the GENE-ACT lab notebook. 
 
  
Panel A: 
Panel B: 
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Table 3: E. Coli rpiB (b4090) and Mrub_1349 are not homologs 
Description of 
evidence collected 
E. Coli M. ruber 
Locus tag b4090 Mrub_1349 
KEGG pathway 
Pathway ID: 00030 
Pentose Phosphate Pathway 
E.C. number 
5.3.1.6 
ribose-5-phosphate isomerase 
BLAST E. coli 
against M. ruber 
Length: 228 ; Score: 12.3 bits ; E-value: 5.7 
CDD (COG category) 
COG0698 
Ribose 5-phosphate isomerase 
RpiB [Carbohydrate transport and 
metabolism] 
COG0120 
Ribose 5-phosphate isomerase 
[Carbohydrate transport and 
metabolism] 
E-value: 5.74e-70 E-value: 1.08e-88 
Cellular localization 
(Module 3) 
Cytoplasmic 
TIGRfam - protein 
family 
TIGR01120 
rpiB: ribose 5-phosphate isomerase 
B 
TIGR00021 
rpiB: ribose 5-phosphate isomerase 
A 
Score: 392.2 
E-value: 1.1e-114 
Score: 349.6  
E-value: 7.6e-102 
Pfam - protein family 
PF02502 
Ribose/Galactose Isomerase 
PF06026 
Ribose 5-phosphate isomerase A 
(phosphoriboisomerase A) 
Clan: ISOCOT_Fold (CL0246) 
Score: 182.6 
E-value: 3.1e-54 
Score: 192.5 
E-value: 3.8e-57 
PDB 
1NN4 
Structural Genomics, RpiB/AlsB 
1O8B 
Structure of Escherichia coli 
ribose-5-phosphate isomerase, 
RpiB, complexed with arabinose-
5-phosphate. 
Length: 149 
E-value: 2.19079E-83 
Length: 222 
E-value: 2.68771E-24 
 
 A BLAST search of both the amino acid sequence of Mrub_1349 in M. ruber and rpiB in 
E. coli independently did not display the same protein. Mrub_1349 showed ribose-5-phosphate 
isomerase A as a top-hit in other organisms, while the b4090 search showed ribose-5-phosphate 
isomerase B as a top-hit in other organisms. A BLAST search of E. coli against M. ruber resulted 
in an alignment length of 228. The bit score was 12.3 and the E-value was 5.7 (Figure 15). This 
low bit score and high E-value suggests that the similarities between M. ruber and E. coli are not 
likely due to an evolutionary relationship and likely due to chance. 
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Figure 15. A protein BLAST search of the rpiB (b4090) of E. coli against Mrub_1349 of M. ruber indicates an 
unlikely evolutionary relationship. This alignment shows a length of 228. The bit score was 12.3 and the E-value 
was 5.7. The “Query” sequence is the sequence of E. coli and “Sbjct” displays the sequence from M. ruber. BLAST 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome) 
was used for the protein blast. 
 
The CDD search identified one conserved protein domain for each of the query sequences 
(b4090 and Mrub_1349). The Mrub_1349 sequence resulted in a COG number of COG0120, a 
COG name of “Ribose 5-phosphate isomerase [Carbohydrate transport and metabolism],” and a 
significant E-value (Table 3). The b4090 sequence resulted in a COG number of COG0698, a 
COG name of “Ribose 5-phosphate isomerase RpiB [Carbohydrate transport and metabolism],” 
and a significant E-value (Table 3). The E-value of the E. coli search was determined to be 
5.74e-70 while the M. ruber search was 1.08e-88 (Table 3). Both the BLAST search and the 
CDD are indicative of that the RpiB amino acid sequence of E. coli and the Mrub_1349 amino 
acid sequence of M. ruber are not similar by sequence.  
 To determine the cellular localization of the protein in question, TMHMM was used 
(Figure 16). Since no significant peaks were found on the transmembrane topology graph for 
either E. coli or M. ruber, the proteins for both organisms do not have transmembrane helices. In 
addition, the lack of transmembrane helices suggests that this protein is localized to the 
cytoplasm because it does not pass through or insert into a membrane. 
 
 
Panel A: 
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Figure 16. E. coli rpiB and Mrub_1349 do not contain transmembrane helix regions and is likely in the cytoplasm. 
Panel A indicates the E. coli rpiB query and Panel B indicates the Mrub_1349 query. TMHMM Server v. 2.0 
(http://www.cbs.dtu.dk/services/TMHMM/) was used for the topology graph. 
 
Signal peptides were predicted through SignalP (Figure 17). The signal peptide probability (D-
score) of E. coli rpiB and Mrub_1349 was 0.106 and 0.170 respectively. Due to the lack of peaks 
produced from Figure 17, there are no signal peptides predicted for either protein (no likely 
cleavage sites). The D-scores of these queries are considered low since they are not close to 1 
(cut off value of 0.570 for both proteins) and also indicate no signal peptides located at the N-
terminus of the protein sequence.  
 
Panel B: 
Panel A: 
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Figure 17. E. coli rpiB and Mrub_1349 are not predicted to have signal peptides and are likely to be cytoplasmic 
proteins. Panel A is E. coli rpiB and Panel B is Mrub_1349. SignalP 4.1 Server 
(http://www.cbs.dtu.dk/services/SignalP) created this signal peptide graph.  
 
The Mrub_1349 and b4090 sequences were also compared using the Phobius program. There are 
no significant vertical lines in gray that would indicate transmembrane helices (Figure 18). As 
stated previously, there are slight peaks (gray) at the N-terminus and C-terminus of Mrub_1349, 
but all other cellular location modules (TMHMM, SignalP, and PSORT-B) do not support a 
signal peptide for Mrub_1349. In addition, the peaks in the Mrub_1349 graph (Figure 18) do not 
surpass the non-cytoplasmic mark line (blue) which suggest that the peaks are insignificant.  
 
Panel B: 
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Figure 18. Mrub_1349 and E. coli rpiB do not have transmembrane helices. Although there are two peaks by the N-
terminus and C-terminus regions for Mrub_1349, they are insignificant and are still suggested to by cytoplasmic. 
Panel A is E. coli b4090 and Panel B is Mrub_1349. Phobius (http://phobius.sbc.su.se/) created these graphs. 
 
Panel A: 
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Two more tools are used to determine the cellular localization of the protein query. LipoP 
suggested cytoplasm (Table 3) for both genes. However, the PSORT-B tool predicted a 
cytoplasmic score of 8.96 for Mrub_1349 with a CytoplasmicMembrane score of 0.51, a 
Periplasmic score of 0.26, an OuterMembrane score of 0.01, and an Extracellular score of 0.26. 
PSORT-B was inconclusive for E. coli rpiB. Since the final prediction of the Mrub_1349 cellular 
location was only cytoplasm, the scores for CytoplasmicMembrane, Perisplasmic, 
OuterMembrane, and Extracellular are not significant. According to these tools, ribose-5-
phosphate isomerase for E. coli and M. ruber is predicted to be in the cytoplasm which is 
reflective of the EcoCyc’s prediction for the cellular location of ribose-5-phosphate isomerase. 
 Several tools were used to determine the structural similarities between rpiB and 
Mrub_1349. TIGRFAM, which determines protein homology, resulted in different TIGRFAM 
numbers: TIGR01120 for b4090 and TIGR00021 for Mrub_1349 (Table 3). The family name for 
this TIGRFAM number is “rpiB: ribose 5-phosphate isomerase B” for b4090 and “rpiB: ribose 5-
phosphate isomerase A” for Mrub_1349. Both E. coli and M. ruber searches produced significant 
scores and E-values: the scores for rpiB and Mrub_1349 were 392.2 and 349.6 respectively, 
while the E-values for rpiB and Mrub_1349 were 1.1e-114 and 7.6e-102 respectively (Table 3). 
A Pfam search resulted in the different numbers and names for b4090 (PF02502, 
Ribose/Galactose Isomerase) and Mrub_1349 (PF06026, Ribose 5-phosphate isomerase A 
(phosphoriboisomerase A)) (Table 3). A pairwise alignment of both E. coli rpiB and Mrub_1349 
against the conserved sequence of ribose-5-phosphate isomerase displays how well the amino 
acid sequences relate to the consensus sequence (Figure 19). The scores for rpiB and Mrub_1349 
were 182.6 and 192.5 respectively, while the E-values for rpiB and Mrub_1349 were 3.1e-54 and 
3.8e-57 respectively (Table 3). Key functional groups for E. coli rpiB were determined to be D9, 
L23, Y43, C66, G69, G71, A93, G108; while the key functional groups for M. ruber Mrub_1349 
were determined to be S59, D86, G87, D89, K99, G100, G102, E108, K109, K126, P137, R162, 
D180, G202, V203, G207, F209. These sequences do not share the same key functional residues 
which indicate different protein structures.  
 
 
 
Figure 19. E. coli rpiB and Mrub_1349 do not have similar domain structures according to the consensus sequence 
of ribose-5-phosphate isomerase. Panel A is the E. coli rpiB query (#SEQ) against the consensus sequence (#HMM). 
Panel B is the Mrub_1349 query (#SEQ) against the consensus sequence (#HMM). Pfam 
(http://pfam.sanger.ac.uk/search) was used to create the pairwise alignment. 
 
In addition to TIGRFAM and Pfam, PDB suggested the differences in the 3-D structure of the 
amino acid sequence. For Mrub_1349, the PDB code was 1O8B and was named “Structure of 
Panel A: 
Panel B: 
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Escherichia coli ribose-5-phosphate isomerase, RpiB, complexed with arabinose-5-phosphate.” 
For b4090, the PDB code was 1NN4 and was named “Structural Genomics, RpiB/AlsB.” The 
alignment length was 149 for b4090 and 222 for Mrub_1349. The E-values were 2.19079E-83 
and 2.68771E-24 for b4090 and Mrub_1349 respectively. Since the queries resulted in the 
different protein name, the structures are not similar. The significant E-values indicate an 
evolutionary relationship to the suggested PDB structure but they are not comparable between 
b4090 and Mrub_1349 since they produced different structures. 
 The IMG/EDU Gene finder was used to find the ortholog neighborhood region of E. coli 
rpiB and Mrub_1349 with the color annotation of KEGG (Figure 20). The results for rpiB shows 
that rpiB (Panel A, underlined in red) is immediately next to the yjdP gene. Although these 
adjacent genes are aligned in the same direction, further research shows that the rpiB gene is able 
to be transcribed independently of this adjacent gene (Sorensen and Hove-Jensen 1996). 
Therefore, rpiB is not likely to be part of an operon. On the other hand, the Mrub_1349 gene is 
surrounded by other adjacent genes. These adjacent genes do not appear to be equivalents to the 
yjdP gene. Although these genes are indicated by KEGG to be involved in other pathways, 
further evidence would be necessary to indicate if Mrub_1349 is part of an operon. The ortholog 
neighborhood region of Mrub_1349 does not appear to resemble the ortholog neighborhood 
region of rpiB.   
 
 
 
Figure 20. E. coli rpiB and Mrub_1349 are likely not part of an operon. Panel A is the visualization of the E. coli 
rpiB ortholog neighborhood and Panel B is the Mrub_1349 ortholog neighborhood. The red lines indicate the 
location of either rpiB (Panel A) or Mrub_1349 (Panel B). IMG/EDU (http://img.jgi.doe.gov/cgi-
bin/edu/main.cgi?section=FindGenes&page=geneSearch) was used to illustrate the ortholog neighborhood regions. 
 
 
Conclusion: 
 All tools included in the comparison of rpe and Mrub_2874 (Table 1) or rpiA and 
Mrub_1349 (Table 2) indicate similarities in sequence, evolutionary relationships, identical 
cellular locations, and structure. However, most tools included in the comparison of rpiB and 
Mrub_1349 (Table 3) indicate significant differences in sequence, evolutionary relationships, 
and structure. The similarities within the ortholog neighborhood regions also indicate similarities 
in function through operons for rpe and Mrub_1349. The rpe and Mrub_2874 sequences also 
shared significant similarities with the consensus sequence of ribulose-5-phosphate 3-epimerase, 
the protein from the rpe gene. The RpiA and Mrub_1349 sequences shared significant 
similarities with the consensus sequence of ribose-5-phosphate isomerase, the protein from the 
rpiA gene. However, the RpiB and Mrub_1349 sequences did not share significant similarities 
with the consensus sequence. Most of these bioinformatics tools indicate an evolutionary 
relationship due to the consistently low E-values for each comparison. As a result of these 
Panel A: 
Panel B: 
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findings, Mrub_2874 is the equivalent of b3386 (rpe) and Mrub_1349 is the equivalent of b2914 
(rpiA), but Mrub_1349 is not the equivalent of b4090 (rpiB).  
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